We extend earlier calculations of the one-loop contributions to the effective bose Lagrangian in supergravity coupled to chiral matter. We evaluate all logarithmically divergent contributions for arbitrary background scalar fields and space-time metric. We show that, with a judicious choice of gauge fixing and of the definition of the action expansion, much of the result can be absorbed into a redefinition of the metric and a renormalization of the Kähler potential. Most of the remaining terms depend on the curvature of the Kähler metric. Further simplification occurs in models obtained from superstrings in which the Kähler Riemann tensor is covariantly constant.
I. Introduction
Considerable progress has recently been made in understanding YangMills couplings at the quantum level [1] , [2] in effective supergravity theories obtained from superstrings. Specifically, it is understood how to cancel the modular anomaly that arises at the quantum level of the effective field theory. From the field theory point of view, the modular anomaly is equivalent to the standard chiral and conformal anomalies of Yang-Mills theories. In particular, the conformal anomaly enters through the dependence of the effective cut-off on the moduli fields [2] , [3] . In a general field theory the conformal anomaly entails all operators that have logarithmically divergent coefficients at the quantum level. Understanding the structure of the divergences in the full effective supergravity theory is a necessary step in determining what counterterms are needed to fully restore modular invariance. The determination of these loop corrections may also provide a guide to the construction of an effective theory for a composite chiral multiplet that is a bound state of strongly coupled Yang-Mills superfields, which in turn could shed light on gaugino condensation as a mechanism for supersymmetry breaking.
In References [4] , [5] we identified the divergent one-loop contributions to the effective bose Lagrangian, with a flat space-time background metric, in a general N = 1 supergravity theory, with specialization to the no-scale form suggested by superstrings. Here we present the full results for a general supergravity theory coupled to chiral matter with an arbitrary background space-time metric and arbitrary background scalar fields. Partial results for a curved-space time metric have been given in [6] , [7] , and particularly in [8] , where it was shown how to recast the Einstein term in canonical form by a redefinition of the background metric. However, the results are gauge dependent [9] , and therefore not very meaningful unless one can isolate those terms that actually contribute to the S-matrix. This is the purpose of the present paper. We choose a gauge fixing prescription which, together with a redefinition of the expansion of the action, enhances supersymmetry cancellations between boson and fermion loop contributions. With these choices, all operators of dimension six or less, and most of those of dimension eight, that do not depend on the Kähler curvature can be either absorbed by field redefinitions or interpreted as renormalizing the Kähler potential. By an operator of dimension d we mean a Kähler invariant operator whose term of lowest dimension is d, where scalar fields are assigned the canonical dimension of unity. In many effective theories from superstrings, such as the untwisted sector in many orbifold compactifications, the Kähler Riemann tensor is covariantly constant; in this case the results simplify further.
In order to complete the program of determining one-loop supergravity, the Yang-Mills sector must be included. We will present the full results in a subsequent paper [10] , where we will also consider the parity odd operators that arise from integration over fermionic degrees of freedom. As mentioned above, the effective cut-off of effective theories derived from superstrings is field dependent; moreover the field dependence is different for loop corrections arising from different sectors of the theory [2] . Here we use a single cut-off and neglect its derivatives. The latter does not represent a loss of generality, since terms involving derivatives of the cut-off have a different dependence on the moduli and must be considered together with terms that are one-loop finite. Our results, some of which are collected an appendix, will be presented in such a way that the contributions from different sectors can be isolated and the correct cut-offs included.
In Section 2 we discuss gauge fixing and describe the prescription used here. The results of our calculation are presented in a succinct form in Section 3; further simplifications arising in models from string theory are pointed out in Section 4. In Appendix A we define our conventions and give that part of the tree-level Lagrangian that is needed to perform our calculations. In Appendix B we list the operators that appear in the quantum action as defined by our gauge fixing and expansion prescriptions, as well as the traces of products of these operators that determine the divergent terms in the effective one loop action. In a final appendix we list corrections to and misprints in [4] , [5] .
II. Gauge Fixing and the Expansion of the Action
The S-matrix is independent of gauge fixing and also of shifts in the propagators that are proportional to L A = ∂L/∂φ A where φ A is any field.
However, certain choices can lead to an effective Lagrangian that better displays the symmetries of the theory. For example, we expand the action S in terms of normal scalar coordinates [11] , [12] ẑ I :
where D I is the field redefinition covariant derivative defined in appendix A, and interpret the determinant of the second term in (2.1) as the one-loop effective action for a scalar theory. The result differs from that of a standard Taylor expansion by terms of the form
JK is the connection associated with the covariant derivative D I , and F JL is an arbitrary matrix-valued function of the background scalar fields. Such terms vanish when the classical equations of motion for the background fields z are satisfied. The expansion (2.1) yields an effective action that is manifestly field redefinition invariant. It therefore preserves nonlinear symmetries among the scalar fields, up to quantum anomalies. Supersymmetry is also a nonlinear symmetry in supergravity theories, even when auxiliary fields are used. We have no formal argument by which we can determine the gauge fixing and expansion prescription so as to yield an effective action that is manifestly supersymmetric.
1 Instead, we adopt a pragmatic approach, and use prescriptions that give the most boson-fermion 1 Since we set background fermions to zero, our effective action cannot be manifestly supersymmetric. However supersymmetry constrains [13] , [14] the bosonic part of the action; by "manifest supersymmetry" we are referring to these constraints.
cancellations, and/or simplify the calculation. We find that with our prescription the operators of dimension six or less can be interpreted as renormalizations of the tree Lagrangian, except for those that depend on the scalar curvature tensor. Additional operators of dimension eight can be isolated into terms of the form F JL Γ I JK D I S| z , which do not contribute to the S-matrix. It turns out that the gauge fixing prescription that satisfies these properties yields an effective quantum Lagrangian that is of a particularly simple form: all the propagators are the same as those of standard scalar or spin- 1 2 fermions. It is possible that this feature contributes to the enhanced cancellations. We first discuss the case of flat SUSY Yang-Mills theory, where a similar gauge fixing dependence arises [15] , and where a "supersymmetric gauge" can be found.
A. Supersymmetric Yang-Mills theory
In background field calculations of the effective one-loop action, the Landau gauge fixing condition D µÂ µ = 0 has frequently been used [4] , [5] , [6] . In the absence of a superpotential, the dimension four operators of the resulting supergravity Lagrangian for the gauge nonsinglet scalars can be interpreted in terms of two renormalizations. The first is a renormalization of the matrixvalued function x 
where T a represents the gauge group on the scalar field z n = (zn) † , and
G is the Casimir of the adjoint representation and the field redefinition covariant scalar derivative D i is defined in Appendix A. The fact that (2.3) is not the real part of a holomorphic function has been discussed elsewhere in the literature (see, e.g., [1] ). In the flat SUSY limit x → constant, K im → δ im , and the renormalizations reduce to constants that depend on the Casimirs of the matter representations R:
When a superpotential is included, the results obtained in the Landau gauge can no longer be interpreted in terms of these renormalizations. This is similar to the result found in [15] . However, if we use a smeared gauge fixing prescription defined by
the results can once again be interpreted as above, with, instead of (2.2),
5) where A ij is defined in Appendix A; in the flat SUSY limit it reduces to the second derivative of the superpotential W :
Note that the gauge-dependent term in (2.5) differs by a factor of two from that in (2.2). The result (2.5) agrees with the chiral matter wave function renormalization found in [15] and in a recent string loop calculation [16] . Unlike the Landau gauge, the smeared gauge fixing (2.4) gives a quantum Lagrangian of the simple form (3.1) below. The field-dependent masses have the correct poles for unitarity when evaluated at the ground state configuration for the background fields, i.e., D µ z = A µ = ∂ i V = 0, where V is the scalar potential. We will use gauge fixing prescriptions for supergravity that share this feature. In addition, the transformation laws for supergravity are nonlinear even when auxiliary fields are used.
2 This suggests that it may be necessary to redefine [9] the expansion in a manner analogous to (2.1), in order to obtain a manifestly SUSY result.
B. Gauge-fixing the gravity supermultiplet
We set background fermions to zero, and use unhatted symbols for quantum fermion fields (ψ, χ, λ).
The commonly used gauge fixing 3 for the graviton [18] , [19] , [4] , [8] , when generalized to include the YM sector, is defined by
where Z IJ (z,z) is the scalar metric,ẑ,Â are the quantum scalar and gauge fields, and the symmetric tensor h µν is the quantum part of the gravitational field. Like the smeared Yang-Mills gauge fixing (2.4), this leads to a Lagrangian of the form (3.1). For the gravitino, two types of gauge fixing have been used: the Landau gauge [20] , [4] γ · ψ = 0, which is implemented with the aid of an auxiliary field, and the smeared gauge fixing [8] 
, which requires Nielsen-Kallosh ghosts. Neither of these has 2 Once the auxiliary fields have been eliminated, the transformation laws for fermions in flat supersymmetry are also nonlinear. However it is easy to show that eliminating these fields before or after functional integration gives the same one-loop effective action. 3 The gauge fixing of supergravity using superfields is considered in [17] , where it is necessary to introduce "ghosts of ghosts" because the Faddeev-Popov action has itself a gauge invariance, as well as so-called "hidden" ghosts because the gauge smearing parameters are constrained. The component action gauge fixing we describe here has no such proliferation of ghosts.
the feature that the quantum Lagrangian reduces to the simple form (3.1).
In addition, while the Landau gauge propagators have the correct poles for constant background fields, the smeared gauge fixing propagators do not.
Here we adopt an unsmeared gauge which satisfies both requirements. In a supergravity theory in which the Yang-Mills normalization function satisfies Ref ab = δ ab x, the part of the Lagrangian that depends on the gravitino ψ µ is [13] , [14] 
We take the Landau gauge condition G = 0, where
which we implement by inserting a δ-function in the functional integral over φ. Writing
and defining
We obtain
Note that ψ is C-even:
α is C-odd; note also that α has negative metric. 4 All the terms remaining in the Lagrangian (2.10) are of the form of either a mass or a connection; that is, (2.10) is of the form (3.1).
To obtain the ghostino determinant we use the supersymmetry transformations [13] 
For constant background fields the ghostino propagator becomes
where V is the potential. When we evaluate this at a ground state with a flat background metric, the vacuum energy necessarily vanishes: V = 0, so the (4-fold) ghostino pole is at
is nonzero the curvature is also, and there are additional terms in all the masses. Now the goldstino is unmixed with the gravitino, but instead mixes with 14) and its mass is
where λ is a gaugino, χ i is the left-handed superpartner of z i , and
At the ground state
Using this gives m χ = 2M.
Here we show that unitarity is satisfied in the case where there are no gauge couplings: D a = 0; the argument goes through in the same way when gauge couplings are included [10] . The normalized [4] (α, χ) mass matrix is
where
is the normalized mass matrix for left-handed chiral fermions. In the traces used to evaluate the one-loop effective action (see Section 3) this gets multiplied by
For the Goldstino at a ground state with vanishing cosmological constant [see (2.13), (2.16)], µ ij → 2M, m i → √ 3M, so the α-Goldstino squared mass matrix reduces toM
The ghostino determinant removes four poles at p 2 = M 2 and the unphysical fields χ and α restore two of them, so the singularities are correct. Note that because α is C-odd while χ is C-even, M1
2
, which operates on lefthanded fermions is not the hermitian conjugate ofM1 2 , which operates on right-handed fermions.
C. Modification of the graviton propagator
The S-matrix is unchanged if we add terms proportional to L A to the propagators, as in (2.1). Consider the graviton-scalar sector. We have:
where g µν is the background metric. We can redefine the graviton propagator by: 20) and
where the spin-2 projection operator P is defined in (B.2), and
The unmodified propagators have been evaluated 5 elsewhere [18] , [19] ; using these results in the above we get
Evaluating the determinants in (3.2) below gives an effective Lagrangian including terms linear and quadratic in the space-time curvature:
(2.23) The Einstein term can be put in canonical form by a redefinition of the metric [8] :
This induces additional matter terms:
where the tree Lagrangian L(g) is given in Appendix A. Note that any terms containing factors of L µν that can appear in L 1 are completely removed by this metric redefinition.
III. The One-Loop Effective Action
In the absence of gauge fields, the quantum action obtained by the prescriptions defined in the preceeding section takes the form
The last two terms are the ghost and ghostino terms, respectively, Φ = (h µν ,ẑ i ,ẑm) is a 2N + 10 component scalar, Θ = (ψ µ , χ
is an N + 5 component Majorana fermion, where N is the number of chiral multiplets, and the matrix valued metrics Z Φ and Z Θ , as well as the matrixvalued covariant derivative D µ , are defined in Appendix A. The one loop contribution to the effective action is
Because of the simple form of (3.1) we can immediately apply the general results obtained in [12] , [6] , [4] to evaluate the determinants 6 :
and since Similarly, the ghost and ghostino contributions are equivalent to, respectively, −2 and +2 times the contribution of a four-component scalar with the masses M 2 ghost = H ghost and connections as determined in Section 2. The matrix elements of H and
are given in Appendix B.
The traces in (3.3-3.5) are explicitly evaluated in Appendix B; here we simply state the result. If L(g, K) is the standard Lagrangian [13] , [14] for N = 1 supergravity coupled to matter with space-time metric g µν and Kähler potential K, then the logarithmically divergent part of the one loop corrected Lagrangian is
The classical Lagrangian L(g, K) is given in Appendix A. Since we are neglecting gauge couplings, the gauge covariant derivative D µ is here an ordinary derivative:
The renormalized Kähler potential is
and the field redefinition covariant derivative D i is defined in Appendix A. The renormalized space-time metric is given by
The term in (3.6) proportional to L I can be removed by a (nonholomorphic) scalar field redefinition:
The quadratically divergent contributions are given by (B.20-B.21). However, as emphasized in [4] , the relative coefficients of the quadratically divergent terms are unreliable as they depend on the explicit regularization procedure used [6] , [22] . Therefore we have actually only identified all the ultraviolet divergent terms at one loop in the effective bosonic Lagrangian of supergravity theories, and determined the coefficients of the logarithmically divergent terms. The full quadratically divergent one loop correction to the effective Lagrangian for a toy model [23] has been determined [22] for the leading term in the number N ns of gauge nonsinglet chiral multiplets, for which the definition of a Pauli-Villars regularization scheme consistent with the requisite symmetries is straightforward; the effective cut-off in that scheme coincides with the one required [2] for consistency, within a supersymmetric theory, between the chiral and conformal anomalies under modular transformations in target space; the conformal anomaly is related to the choice of cut-off, while the axial anomaly is finite and unambiguously determined. Defining consistent regularization schemes for higher spin loops appears much more problematic. Moreover, in realistic theories the effective cut-offs appearing in different terms will not even have a uniform dependence on the scalar fields. The issue of removing the breaking of modular invariance induced by the quadratically divergent terms has yet to be addressed.
IV. String Models
We have shown that most of the Kähler curvature independent terms that appear in the logarithmically divergent one-loop contributions to the effective supergravity action can be absorbed into field redefinitions or interpreted as a renormalization of the Kähler potential of the standard classical Lagrangian. The curvature dependent terms vanish for models with a minimal kinetic term: K im = δ im . More interesting for string phenomenology is a class of theories in which the Kähler potential separates into disconnected sectors that depend on different subsets α of chiral fields:
because the metric is covariantly constant. These results apply to Witten's toy model [23] and to the untwisted sector of orbifold compactifications [24] . In models with three matter generations in the untwisted sector, there is further simplification because [24] , [25] ∂ i ∂ m W = 0 if K im = 0 and also n α = +1 for all α. This is true for the three matter + moduli generations, as well as for the dilaton, which (neglecting nonperturbative effects) has no superpotential. In this case one finds for the covariant derivatives:
(Here the notation α i = α j means "if i and j belong to the same subset".)
the result (3.6) reduces to 4) where
and for the dilaton s
Our results will be extended to include the gauge sector in [10] . 
Appendix

A. Conventions and Notation
Our Dirac matrices and space-time metric signature (+ − −−) are those of Bjorken and Drell or Itzykson and Zuber. We use uppercase notation (R, Γ) for derivatives of the Kähler metric, and lowercase (r, γ) for those of the space-time metric. Our sign conventions for, respectively, the Riemann tensor, Ricci tensor and curvature scalar are as follows:
and covariant differentiation is defined by
The scalar field redefinition covariant quantities are defined identically with 
are symmetric in all indices. It follows from the Bianchi identities that D i R n jmk is totally symmetric in {ijk}.
We work in the Kähler covariant formalism [14] , which differs from that of Cremmer et al. [13] by a phase transformation on the fermions that removes phases proportional to Im W/W , where W is the superpotential. In this formalism the fermion U(1) Kähler connection is just
where D µ is the gauge covariant derivative. It is convenient to introduce the notation
Then the classical potential is V =V + D, wherê
With these conventions the tree level Lagrangian [13] , [14] for the case
with L ψ given in (2.7). In the notation of [4] [see eq.(3.91)], the masses operating on the left-handed gravitino and chiral fermions are
These are related to the elements of M Θ in (3.1) by (see [4] )
Note that the normalization of our chiral fermions is the same as in [13] , which differs by a factor √ 2 from [14] . The covariant derivatives D µ include the spin connection, the gauge connection, the Kähler connection (A.6), the affine connection, and the field reparameterization connection for chiral fields. For fermions: 
B. Operators and Traces
In this Appendix we list the matrix elements of the operators appearing in Eqs. (3.1-3.5) and the traces needed to evaluate the divergent contributions to the one-loop effective action (3.2). We drop all total derivatives in the traces.
The bosonic sector
In the absence of the Yang-Mills sector, the operator H Θ can be expressed as [18] , [19] , [12] , [6] , [4] 
with
The nonvanishing elements of Z Θ H Θ are H IJ , X µν and Y µI , with
3)
The contribution U IJ to the scalar "squared mass" arises from the graviton gauge fixing term which is the same as in Refs. [18] , [19] , [4] , [8] . The expressions for X and Y are simpler than in those references because of the propagator modification introduced in Section 2. Usinĝ
we obtain the following traces (Lorentz indices are raised with g µν and scalar
indices are raised with K im ):
and
Finally we need
The fermion sector
The metric is
The matrix elements of M Θ are given by (2.16), (2.17), (A.11) and
We also need their covariant derivatives, which have been defined in [4] , with the difference that the Kähler connection is here given by (A.6). In evaluating these derivatives it is useful to recall that the gaugino has opposite Kähler weight from the chiral fermions and the auxiliary field α. One finds for the covariant derivatives of the matrix elements defined in (2.16), (2.17) , and (A.7):
The nonvanishing matrix elements of G µν are 12) where
Then we find the following traces:
(B.15)
The ghost sector
For the graviton ghost we have [18] , [19] 
Gh is given by (2.12), and
We get
Supertraces
If we define
Inserting these supertraces in (B.20) gives a contribution of the form (2.23) with
(B.22) so the metric redefinition (2.4) gives (3.8), and we get a correction ∆ r L given by the last term in (2.25):
The Käher potential redefinition (3.7) absorbs the contribution ∆ K L, where
Finally,
. yields the result given in (3.6).
C. Errata
In this appendix we list errata for references [4] and [5] . In both of these papers the term:
was inadvertently omitted from the quantum Lagrangian, and graviton-YangMills ghost mixing was neglected; this will be corrected in [10] .
Corrections to Ref. 4
a. The D-term is missing from the tree level bosonic Lagrangian [13] in Eq.(1.
A factor e G/2 is missing from the last term in the first line of (1.11).
The signs of the last term in the fourth line and the second term of the last line of the same equation should be changed.
c. Eqs.(2.33) and (2.34) should read, respectively: As a consequence of this sign error, there are errors in the ∂ µ s terms in the final equations (4.1) and (4.2) of I. The correct result will be given in [10] .
i. The right hand sides of (3.106), (3.107) and (3.112) should be multiplied by Corresponding terms that were omitted from the final equations of I will be given in [10] .
l. The paragraph after Eq.(3.145) should read:
We also need to expand the remaining terms in (3.19) . Only the second term, being of order M 2 , will yield both quadratically and and logarithmically divergent corrections. The other terms yield only logarithmically divergent terms. Again, after using . . . p. In Eqs.(3.174)-(3.176), G χλ should be replaced everywhere by G ψλ . In addition, the subscripts a and σ on (G ψλ µν ) in (3.174) should be interchanged, the denominator of the second term on the right hand side of (3.176) should be 48p 4 , and the left hand side of (3.176) should be multiplied by 1 4 . q. The last line of (3.192) , and the last term in the fourth line of that equation, should be removed. • Replace − • Replace • Replace 2N h. The second sentence of the Appendix should read "The space-time metric g µν has the flat limit η µν = diag(1, −1, −1, −1)."
